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Organic molecules based photovoltaic cells were fabricated in an open labo-
ratory conditions without the use of glove box or clean room. Conducting
polymers such as P3HT and PCBM were used as a photo-active layer of the
devices. We found significant difference in the performance of the devices
by employing two laboratory conditions of the polymer solutions. Enhanced
current density has been observed from P3HT/PCBM bulkheterojunction
solar cell after diluting a well sonicated polymers solution with fresh chloro-
form solvent. As the result of such current surge in the devices the efficiency
rose to more than double compared to those devices without dilution of the
P3HT/PCBM solution. An average power conversion efficiency of 4.5% was
then recorded from the new preparation condition. This is an encouraging
development toward achieving low cost organic photovoltaic devices.
iv
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We live in a society that consumes huge amounts of energy to fulfil our day
to day activities that mostly depend on new technologies. The rapid global
population growth which aggravates the demand for more energy on one
hand, and the dwindling size of fossil fuel on the other raises the need to
look for alternative sources of energy. Furthermore, the ever increasing costs
of electrical power from conventional energy sources compounded with the
diverse effect of fossil fuels on global climate changes become the driving
force to shift our energy options to renewable ones.
Solar energy is one of the renewable energy sources which traditionally has
been utilised using silicon based solar panels. However, the processing of
silicon for the fabrication of solar cells is still very expensive and becomes
unaffordable for many. Recently, organic molecules based photovoltaic cells
came into picture with the view mainly to reduce the cost of production of
the solar cells. Although a few class of organic molecules show encouraging
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properties in terms of power conversion and charge transport properties but
there are still unresolved issues to compute in the energy market. Several
research efforts since the last two decades have produced encouraging results
towards the realisation of organic photovoltaic cells (OPV) [1]. OPV has
attracted scientific and economic interest triggered by a rapid increase in
power conversion efficiency.
The sun is the source of all forms of energy directly and/or indirectly. The
energy in the form of electromagnetic radiation coming from the sun first
strikes the upper atmosphere before reaching to the surface of the earth.
The amount of energy intercepted from the sun at the outer limits of the at-
mosphere is about 1367 W/m2 [2]. Among the total solar radiation spectrum
often reaching the surface the visible and infrared regions constitute the ma-
jority of the emission. Most solar cells currently operate by harvesting the
electromagnetic radiation from these two main regions of the solar spectrum.
The conversion of electromagnetic radiation energy into electricity was first
noted by the French physicist, Edmund Becquerel, in 1839, who found that
certain materials, such as semiconductors, have the ability to produce low
voltage and direct current electricity when exposed to light [3]. In the early
20th century, Albert Einstein was able to account for the quantized nature
of light in the photoelectric effect experiments for which he earned a Noble
prize in 1905. Since then the idea of generating free charge carriers by means
of electromagnetic radiation has been used for different purposes such as ra-
diation detectors and solar cells [1].
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The working principles of a solar cell can easily be described through the
energy band gap theory of semiconductors as well as the theory of Schottky
diodes. An incident photon with energy greater than or equal the energy
band-gap of the material (hν ≥ Egap) can excite electrons from the valence
band to the conduction band which can then contribute to the electrical
conduction. The maximum current that can be generated from the material
depends on the amount of radiation flux incident on it as well as the energy
of the photons. Excess energy of the photons (hν−Egap) will be lost as heat
energy. In the case of inorganic semiconductors, the excitation of an electron
to the conduction band results in the creation of a hole in the valence band.
The electrons and holes are transported to the opposite face of the semicon-
ductor creating a potential difference which generates electricity [4, 5]. In
the case of organic semiconductors (conducting polymers), the mechanisms
of charge generation is a bit different. The incident photon first generate a
bound electron-hole pair called exciton which eventually dissociates to free
charge carriers by external electric field followed by the transport towards
the electrodes.
Currently, the renewable energy markets are dominated by the inorganic
semiconductor solar cells such as mono-and poly-crystalline silicon. These
conventional solar cells can convert as much as 24% of the incoming solar
energy which is already close to the theoretically predicted upper limit of
30% [1]. There is clearly the need for low device fabrication costs, rather
than higher conversion efficiency in order avail cheap renewable energy. It
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is here that the organic photovoltaic cells can actually play a vital role in
reducing the device fabrication cost.
This dissertation deals with the preparation and characterization of organic
molecules based photovoltaic cells. The advantages of organic molecule (con-
ducting polymers) over the traditional silicon based solar cells are, organic
photovoltaic cell can be easily processed using spin coating or doctor blade
techniques (wet-possessing) or evaporation through a mask (dry-processing).
The photo-active film of organic materials are relatively thin (100 nm thick)
and large scale production can be possible by way of screen printing. The
energy gap of organic molecules can be fine-tuned to increase the photon
harvesting mechanisms of the polymer. Organic polymers are cost-effective,





Semiconductors are materials that are often used in the fabrication of elec-
tronic and optoelectronic devices [9]. Semiconductors are the basic materials
for the fabrication of most house hold and work place electronics. Today’s
life style could not have come to reality without the use of semiconductors.
Semiconductors have tremendously contributed to the progress in communi-
cation, information technology, computing as well as solar energy conversion.
Devices based on semiconductors include transistors, switches, diodes, pho-
tovoltaic cells, and detectors etc. These may be used as a single circuit
elements or as components of integrated circuits. According to the energy
band theory of solids, solids can be classified into metals, semiconductors and
insulators based on the magnitude of the energy band gap (Eg). Figure 2.1
shows the energy band diagram of solids consisting of conduction band and
valence band. The band gap (Eg) is the difference between the lowest point
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of the conduction band edge and the highest point of valence band edge. The
free charge carriers available in conduction and valence band are responsible
for the electrical conduction of the material. The source of these free charge
carriers can either be the thermal excitation of electrons from valence band











Figure 2.1: Energy band diagram of intrinsic semiconductor.
conductor exhibits intrinsic conductivity, as distinguished from the impurity
conductivity of less pure specimens. In the intrinsic temperature range, the
electrical properties of a semiconductor are not essentially modified by im-
purities in the crystal. It is easy to derive the intrinsic concentrations of
charge carriers in semiconductors by employing the Fermi-Dirac statistics.













where me and mh are the effective mass of holes and electrons in the material.
In an intrinsic conduction for every electron available in conduction band
there will be a hole in the valence band. Therefore, under intrinsic condition
n=p;






The intrinsic conductivity and intrinsic carrier concentrations are largely
controlled by Eg/kBT , the ratio of the band gap energy to the thermal
energy(kBT ). When this ratio is large, the concentration of intrinsic carrier
will be low and so is the conductivity. The balance of the charge concen-
tration can be changed by incorporating impurities in the host matrix by
the process called doping. There are n-type and p-type of doping in semi-
conductors. When a group-III element of the periodic substitute a silicon
atom, for example, the impurity takes an electron from the valence band
of silicon to make the bonds with four nearest neighbours of silicon atoms.
This process creates an excess hole in the valence band of silicon making the
doped silicon as p-type. Similarly, group-V elements in silicon form an n-type
silicon. Unlike inorganic semiconductors doping in organic semiconductors
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is achieved by adding or subtracting of electrons from the back bone of the
polymer chain by the process of oxidation or reduction.
2.2 Metal-Semiconductor Contacts
Metal-semiconductor contact is the most frequently used mechanism in the
fabrication of electronic devices and photonic devices. When metals and
semiconductors are fused together to form a contact, potential barrier will be
created as the result of the difference in the work functions of the two material
as well as the potential due to the so called Schottky effect. Schottky
suggested that the potential barrier at metal-semiconductor contact could
arise from stable space charge in the semiconductor-metal interface. This is
the initial assumption used to describe the rectifying behaviour of the current
across the contacts. Let us first start the discussion by considering the motion
of electrons near metal-vacuum interface in which the electrons are emitted
from the surface and caught by the applied electric field in vacuum. Figure
Figure 2.2: Schottky potential barrier at Metal-Semiconductor contact.
2.2 shows the energy diagram for metal-vacuum interface which is in fact can
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be used to describe metal-semiconductor as well. In this energy diagram a
vacuum level is taken as reference level where the electron is free without any
external influence. In a metal-vacuum system the minimum energy necessary
for an electron to escape into vacuum from an initial energy at Fermi level is
defined in terms of a work function Φm. An electron needs to overcome the
energy qΦm in order to escape from the surface in the first place. Once the
charges are free from the surface then it would be subject to external field E.
When an electron is at distance x from the metal, a positive charge will be
induced on the surface. The force of attraction between the electron and the
induced positive charge is equivalent to the force which would exist between
the electron and an equal positive charge located at −x. This positive charge





where ε0 is the permittivity of free space. The work done by an electron in








Equation (2.6) corresponds to the potential energy if an electron at distance
x from the metal as shown in Figure 2.2 and is measured downwards from
x-axis. When an external field E is applied, the potential energy, V(x) as
9





where the field E is applied in x-direction. If E = 0, then the maximum
value of V (r) = 0 and occurs at infinite distance from traps. The Schottky
barrier lowering ∆φ, and the location of lowering xm =
√
q
16πε0|E| , can be






The lowering of the metal work function by an amount ∆φ as the result of
””image force”” and the electric field is called the Schottky effect. This result
can be extended to metal-semiconductor interface. However, the field should
be replaced by the maximum field at the surface and free-space permittivity




3.1 Charge transport theory
The charge transport across two oppositely charged electrodes has been the
focus of intense investigation for the past several decades. Starting from
simple to the most complex electronic devices, the motion of charges across
the electrodes have been an interesting phenomena for science and engineer-
ing. The charge transport between electrodes in fact has significant influence
on the performance of the device. The earlier studies provided us with a
broad look into the picture of charge transport across the electrodes. In
1938 a model was proposed to provide a picture on how an electron traverses
between electrodes in semiconductor diode designed to understand the trans-
port between two electrodes.
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3.1.1 Current Density Equation
The main mechanisms of the flow of charges across a junction are drift due
to applied electric field and diffusion due to charge concentration gradient.
Based on the drift and diffusion theory of charges in a device the current





















E is the applied electric field in the x-direction and n(x) is the density
of electrons in the device, Di(i = n, p) is a diffusion coefficient, µi(i = n, p)
is the mobility of the charger carriers. Jn and Jp are the current densities
for negative and positive charges, respectively. In the case where the current
involves both types of charge carriers in the devices then the total conduction
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3.1.2 Space Charge Current
Space charge limited regime is characterized by the fact that all traps are
filled and the current reached steady state condition. The current density
equation describing the steady state condition can be deduced from current














where ε is the dielectric constant and µn is the carrier mobility. From equa-



















The last equation is known as Mott-Gurney law which holds true for the
current density in the absence of traps in the medium. The carrier velocity
ν is related to the electric field by:



















Equation (3.12) is knows as Child-Langmuir law.
3.2 Poole-Frankel effect
The current-voltage characteristics of a device varies according to the strength
of the applied voltage across the electrodes. At low applied voltage some
charge carriers might be confined in kind of trap centres that could be char-
acterized by electrostatic potential. Those charge carriers in trap centres
could not contribute to the total current in the device. By increasing the
applied external electric field (voltage) the charges might be released from
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the traps and contribute to the total current. Poole and Frankel proposed
a model that can take into account the contribution of charges from traps
to the total current. The essence of Poole-Frankel model is that in the pres-
ence of a strong electric field the effective depth of a trap would be reduced
(see figure 3.2) which facilitates the release of charge carriers from traps and
contribute to the total current [17]. If we consider an electron traps as a
positively charged centre at a fixed position in a structure-less dielectric, the





where the field E is applied in x direction. If E = 0, then the maximum value
of V (r) = 0 and occurs at infinite distance from traps. In the presence of
Figure 3.2: Frankel effect showing the reduction of the trap depth by ∆φ.
the applied field the maximum potential of the trap occurs at x1 which can
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be determined from equation (3.13) by the condition dV (r)
dx





The value of the potential at x1 (which is the same as ∆φ) becomes:




By considering a single trap level with energy φ beneath the conduction band,























)1/2. Note that Nc and Nt are the effective density of states
in the conduction band and the density of traps respectively. The Frankel
effect is likely to have observable consequences if γE1/2 is of order unity or
















Equation (3.17) represents the current density across two electrodes in the
presence of traps and Frankel effect in the medium. Note that the electric





Conducting polymers are organic compounds (often called organic semicon-
ductors or conjugated polymers) which have tremendous application poten-
tial in the areas of electronic, optoelectronic, and sensory applications. They
have emerged as a basic and cheap materials in the fabrication of devices such
as light emitting diodes, thin film transistors, photovoltaic cells, and plastic
lasers, to name a few. Conjugated polymers are polyunsaturated compounds
whose backbone atoms are sp- or sp2- hybridised. Conjugated polymers, in
their pristine, neutral state-, are either insulators or wide-gap semiconduc-
tors, and some of them turn into metallic type conductors only after a process
called doping. Doping here is the process of adding or removing electrons
from the polymer chain. There are several ways of doping conjugated poly-
mers such as Chemical doping by charge transfer, Electrochemical doping
and Photo-doping.
Chemical doping: is the most frequently used method of doping conju-
gated polymers which can be accomplished by the process called oxidation
or reduction via the interaction of the polymer with either the oxidising
or reducing agent. Electrochemical doping: is another way of doping
technique which can be carried out by applying external electric potential
on the electrodes immersed in a solution containing the conjugated polymer.
Photo-doping: is the process of removing (adding) electrons from the poly-
mer chain by exposing them to intense electromagnetic radiation.
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The mechanism by which the polymers conduct electricity has been the
source of controversy ever since conducting polymers were first discovered.
Unlike metals where the electron gas is thought to be responsible for elec-
trical conduction, the charge transport in conjugated polymers occurs via
the involvement quasi-particles such as excitons, polarons, and bi-polarons.
These quasi-particles are often created during the doping process which en-
hances the electrical conduction of the pristine polymer. In metals, conduc-
tivity increases with decreasing temperature the lattice vibrations freeze out.
However, in conducting polymer conductivity decreases exponentially with
decreasing temperature. This suggests that charge transport in conducting
polymer is assisted by thermal energy which is different from the mechanism
in metals.
3.4 Energy Band description of the conju-
gated polymers
The molecular orbital theory defines that when two atoms bond to form a
molecule, the atomic orbitals overlap to form a molecular orbitals. Depend-
ing on the bonding energy of the molecule two possible energy levels are
formed these are called bonding and anti-bonding. The electrons are allowed
to occupy these molecular orbitals according to the Pauli Exclusion Principle.
These molecular orbitals form energy band in the bulk of the material com-
posed of the molecules. From Figure (3.3) the energy difference between the













Figure 3.3: The energy band diagram of conducting polymers.
lar orbital (LUMO) is assigned as the energy bands gap of the material. The
HOMO-LUMO level is analogous to the valence band and the conduction
band in inorganic materials.
3.5 Solar Cell
A solar cell is a device that converts solar energy to electrical energy by har-
vesting the solar radiation using photo-active materials. Various materials
have been employed in the fabrication of solar cells that include silicon, and
gallium-arsenide. However, recently organic materials have shown promising
results to be used as cheap photo-active elements of organic solar cells. The
device structure of a solar cell has the form of a simple diode which is often
formed at the junction of p-type and n-type semi or/and near metal semi-
conductor interfaces. Therefore, the important parameters that characterizes
19
the solar cell can be derived from a diode equation that relates the external
applied voltage (V ) and the amount of current from the cell at a given tem-
perature. Generally, the current-voltage characteristics of a solar cell obeys
the diode equation, however, when the cell is exposed to electromagnetic ra-
diation excess charges will be generated by incident photons which enable the
device to convert solar energy to electricity. If Iph is the current generated
by incident photons then the current in the solar cell can be written as:
I = Is(e
qV/kT − 1)− Iph (3.18)
where Is is the saturation current. The open circuit voltage is obtained when













The short circuit current is obtained when V = 0 to give
ISC = Iph. (3.20)
The power output will be
P = IV
P = [Is(e
qV/kT − 1)− Iph]V. (3.21)
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In order to maximise the power conversion efficiency of the cell, we need max-
imise FF, ISC and VOC . The I-V characteristic equation defined by equation
(3.18) describes the behaviour an ideal diode. The current in a real solar cell
encounters resistances from contacts as well as the photo-active medium of
the cell. This behaviour can be described by a simple equivalent circuit, in
which a diode and a current source are connected in parallel as shown in Fig-
ure 3.4. In practice the FF is influenced by the series resistance, Rs, and the
shunt resistance, Rp, of a solar cell. The influence of these parameters on the
I-V characteristic of the solar cell can be studied using the equivalent circuit







Figure 3.4: The equivalent circuit of an ideal solar cell.
circuit with the series resistance and the shunt resistance is described by:
Is = [e
q(V−IRs)
kT − 1] + V − IRs
Rp
− Iph (3.22)
where Rs is the series resistance, Rp is the shunt resistance, and A is the
area of the cell. As the series resistance increases, the voltage drop between
the junction voltage and the terminal voltage becomes greater for the same
current. The result is that the current-controlled portion of the I-V curve
begins to sag towards the origin, producing a significant decrease in the
terminal voltage and a slight reduction in ISC , the short-circuit current. High
values of RS will also produce a significant reduction in ISC . In these regimes,
the series resistance dominates and the behaviour of the solar cell resembles
that of a resistor. As the shunt resistance decreases, the current diverted
through the shunt resistor increases for a given level of junction voltage. The
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result is that the voltage-controlled portion of the I-V curve begins to sag
towards the origin, producing a significant decrease in the terminal current I
and a slight reduction in VOC . A low value of RSH will produce a significant






The most widely used organic semiconductor device architecture is a metal-
semiconductor-metal (MSM) structure using two metal electrodes with asym-
metric work functions. This structure is composed of a thin layer of conduct-
ing polymer sandwiched between two metals that have different work func-
tions. The device is built up by sequential deposition of the device elements
one after the other. The metal-semiconductor-metal stack shown in Figure
4.1 uses the indium thin oxide(ITO) as a transparent electrode on glass sub-
strate and another metal electrode on the top. LiF and PEDOT:PSS are
included to improve the collection of the charges from the active medium.
The working principle of organic PV cells follows few basic steps that in-








Figure 4.1: Device structure of organic photovoltaic cell.
diffusion, charge separation and charge collection. When electromagnetic ra-
diation shines on the photo-active component of the OPV cell quasi-particles
called excitons will be created in the photon-active layer of the cell. The ex-
citons then diffuse in the medium until they encounter an electrostatic field
which breaks them into free electron-hole pairs. The free charge carriers are
driven by the field towards the electrodes and finally collected as an electric
current. The effectiveness of a photovoltaic device depends upon the nature
of the photo-active layer and the methods used to collect the charges and to
the external circuit.
4.1.1 Light Absorption
In most organic devices only a small portion of the incident light is absorbed
because the band gap is too high. A band gap of 1.1 eV is required to
absorb 77% of the solar radiation on earth whereas the majority of semicon-
ducting polymers have band gaps higher than 2.0 eV, limiting the possible
absorption to about 30% [20]. For an efficient collection of photons, the ab-
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sorption spectrum of the photo-active organic layer should match the solar
spectrum and the layer should be sufficiently thick to absorb most of inci-
dent light. The optical absorption coefficient(α) of organic materials is much
higher than that of crystalline silicon. For conjugated polymers MDMO-
PPV(polyphenylene vinylene), P3HT(Poly(3-hexylthiophene-2,5-diyl)) and
for the molecular dye, zinc phthalocyanine (ZnPc) α exceeds 1×105cm−1[18]
in the major part of the visible spectrum. The absorption coefficient spectra
of MDMO-PPV and P3HT lack absorption in red and NIR (near-infrared)
part of the spectrum. A photovoltaic cell based on single light absorption
medium, a band-gap of approximately 1.1 eV [20] is optimal. By lowering
the band gap of the polymer more photo-current can be generated. However,
increasing the layer thickness is often advantageous for light absorption, but
charge transportation might be impeded.
4.1.2 Exciton Diffusion
All photo-excited excitons should reach a dissociation site. Since such a site
may be at the other end of the semiconductor, their diffusion length should
be at least equal to the thickness of the sample (for sufficient absorption),
otherwise they recombine and photons are wasted. Exciton diffusion ranges
in polymers and pigments are usually around 10 nm [20]. For the realisation
of an efficient organic solar cell all excitons formed due to light absorption
should lead to the formation of free charge carriers. The exponential lifetime
of an exciton (τexc)is determined by the reciprocal value of all radiate and
non-radiactive decay rates together. For an efficient solar cell, excitons have
26
to reach the photo-active interface within the time τexc. Transport of the





in which Dexc is the diffusion coefficient of the exciton. Since for molecular
materials τexc is often only several nanoseconds at most, Lexc is generally
limited to 10 nm [22]. In practice this implies that only those exciton formed
within a distance of Lexc from the interface will contribute to charge separa-
tion.
4.1.3 Charge separation
Creation of charges is one of the key steps in the conversion of solar light into
electrical energy. In most organic solar cells, charges are created by photo-
induced electron transfer [10]. In this process an electron is transferred from
an electron donor (D) material to an electron acceptor (A) material with
the aid of the additional input energy of an absorbed photon with energy
hν [10]. An electron donor is characterized by a molecular material with a
small electron affinity. Vice versa an electron acceptor is a material with a
high electron affinity. The difference between both electron affinity levels is
the driving force required for the exciton dissociation. In the photo-induced
electron transfer process an exciton at the D/A interface decays by creation of
the charge-separated state consisting of the radical cation of the donor(D+)
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and the radical anion of the acceptor(A−) as follows.
D + A+ hν → D∗ + A(orD + A∗)→ D•+ + A•− (4.2)
For an efficient charge generation, it is essential that the charge-separated
state is the thermodynamically and kinetically most favourable pathway for
the exciton [20]. Therefore, it is important that the energy of the absorbed
photon is used for generation of the charge separated state and is not lost
via competitive processes like fluorescence or non-radioactive decay [22]. In
addition, the charge-separated state should be stabilised, so that the photo-
generated charges can migrate to one of the electrodes. Therefore, the back
electron transfer or recombination should be slowed down as much as possible
[20].
4.1.4 Charge collection
In order to enter an electrode material with a relatively low work-function(Al
or Ca) the charges often have to overcome the potential barrier of thin oxide
layer. The metal may have formed a blocking contact with the semicon-
ductor so that they cannot immediately reach the metal. The collection
of charge carriers at the electrodes is regularly accomplished by a trans-
parent conductive oxide (TCO) such as ITO or SnO2:F on one side and
a metal contact on the other side. Ohmic contact between the electrodes
and the molecular layers is then formed. In practice special contact layers
have been developed to obtain better performance of the solar cell. Exam-
ples of contact layers are a PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
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poly(styrenesulfonate)) layer, which is a charged conducting polymer layer
at the TCO side and LiF layers at the metal contact [22].
4.2 Device Structures
4.2.1 Single layer cells
The first organic solar cells were based on single thermally evaporated molec-
ular organic layers sandwiched between two metal electrodes of different work
functions. The rectifying behaviour of these devices can be explained by the
MIM-model (for insulators) or by the formation of a Schottky barrier (for
doped materials) between the metal with the lower work function and the
p-type organic layer [21].
This cell consists of only one semiconductor material and is often referred to
as a Schottky type device or Schottky diode since charge separation occurs
at the rectifying (Schottky) junction with one electrode. The other electrode
interface is supposed to be Ohmic in nature [26]. The structure is simple but
an absorption covering the entire visible range is rare using a single type of
molecule. The photo-active region is often very thin and since both positive
and negative photo-excited charges may travel through the same material
recombination losses are generally high. Such cells are currently used for
screening and evaluation purposes [26].
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4.2.2 Double layer cells
In an attempt to improve the performance of organic molecule based solar
cells, another device structure was designed by making layers of p-type and
n-type polymers sandwiched between two electrodes. For this cell configu-
ration of the photo-generated excitons in the photo-active material have to
reach the p-n interface where charge transfer can occur [22], before the ex-
citation energy of the exciton is lost via intrinsic radiate and non-radiactive
decay rates processes to the ground state. Because the short exciton diffusion
length of the organic material, which is in general limited to 5− 10 nm, only
absorption of light within a very thin region around the interface contributes
to the photovoltaic effect. This limits the performance of double-layer de-
vices, because such thin layers cannot absorb all the incident light [10, 20].
A strategy to improve the efficiency of the double-layer cell is related to
structural organisation of the organic material to extend the exciton diffusion
length and, therefore, create a thicker photo-active inter-facial area [22, 26].
Double layer cells benefit from separated charge transport layers that ensure
connectivity with the correct electrode and give a separated charge carrier
only a small chance to recombine with its counterpart. The drawback is the
small interface thickness that allows only excitons of a thin layer (exciton dif-
fusion length + depletion layer thickness) to reach it and become dissociated
[26].
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4.2.3 Bulk Heterojunction cells
The bulk heterojunction (BHJ) design is based on the mixture of both p-type
and n-type polymers which create molecular interfacial layers that enhance
the separation of excitons into free charge carriers. Due to the short lifetime,
and low mobility and short diffusion length of excitons in organic semicon-
ductors. There was a need to find a mechanism to dissociate excitons before
losing them by recombination. The advantages of BHJ is that excitons can
be dissociated anywhere in the active layer where there exists p-and-n type
molecular interfaces. The distance to the interfaces should be of the order
of the exciton diffusion length. Despite their high absorption coefficients,
exceeding 1×105 cm−1, a 20 nm double layer of donor and acceptor mate-
rials would not be optical dense, allowing most photons to pass freely [20].
The solution to this dilemma is elegantly simple, by mixing the p-and n-type
materials, junctions throughout the bulk of the material are created that en-
sure each photo-generated exciton leads to charge transfer, irrespective of the
thickness of the layer [20]. Mixtures, based on substituted fullerenes (with
acronym PCBM) and DMOM-PPV were among the first materials to utilize
this bulk-hetero- junction principle [22].
Photo-generated charges must be able to migrate to the collecting electrodes
through this composite material. Because holes are transported by the p-type
semiconductor and electrons by the n-type material, these materials should
be preferably mixed into a bi-continuous, inter-penetrating network [20]. In
Figure 4.2 a bulk heterojunction schematically shown. The bulk heterojunc-
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tion is presently the most widely used photo-active layer for realisation of
organic solar cells.
The name bulk-heterojunction solar cell has been chosen, because the inter-
face between two different components (heterojunction) is all over the bulk,
in contrast to the classical (bi-layer) junction [20]. Control of morphology is
not only required for a large charge-generating interface and suppression of
exciton loss, but also to ensure percolation pathways for both electron and







Figure 4.2: Schematic view of the bulkheterojunction active layer where p-
and n-type polymers are blended to enhance donor-acceptor interfaces.
The electrical current densities are mainly limited by incomplete utilisation
of the incident light due to a poor match of the absorption spectrum of
the active layer with the solar spectrum, and low charge carrier mobility of
the organic or polymer semiconductors. In this respect, the use of P3HT,
which is known to have a high charge-carrier mobility and reduced band-
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gap compared to MDMO-PPV, has been considered for use in solar cells in
combination with PCBM [10, 20]. P3HT/PCBM blends indeed exhibit an
increased performance compared to MDMO-PPV. The higher efficiency was
obtained through the use of post-production treatment. After spin coating
of the active layer and deposition of the aluminium top electrode, treat-
ing P3HT/PCBM solar cells by applying a voltage higher than the open
circuit voltage and a temperature higher than the glass transition tempera-
ture of approximately 120◦C led to an improved overall efficiency [20]. This
post-production treatment enhances the crystallinity of the P3HT and im-
proves the charge carrier mobility. Photovoltaic devices of P3HT/PCBM
have reached power conversion efficiency of close to 5% [26].
4.2.4 Charge carrier transport models in BHJ
The performance of an organic photovoltaic cell depends critically on the mo-
bility of charge carriers within the constituent organic molecules. Because of
the disordered nature of the polymer medium no single model, so far, was
able to describe the conductivity of the polymers for all ranges of doping
level and temperature. However, a complex combination of phenomena that
span a range of length and time scales control charge transport in disordered
organic semiconductors. As a result, it is difficult to rationalise charge trans-
port properties in terms of material parameters.
Hopping transport mechanism is among the few successful models that was
often used to describe the transport phenomena in disordered system. The
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mobility of electrons in organic molecules is relatively small (< 0.1 cm2/Vs)
compared to inorganic semiconductors (100 - 10000 cm2/Vs) [20]. Bassler[27]
proposed a hopping transport model as a mechanism for charge transport in
disordered organic systems. He further assumed that the hopping rates can
be described by the Miller-Abraham’s formalism[42] where the charges hop
in a regular array of hopping sites. In this way both positional disorder and
energetic disorder are introduced (See Figure 4.3). In this model, the energy
distribution of localised states can be approximated by a Gaussian function
[27]:








The energy is measured relative to the centre of the DOS. The jump rate
among sites i and j is assumed to be Miller-Abraham’s type; given by
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if Ej > Ei, where ν0 hopping frequency ”attempt to escape frequency”, γ
is overlap parameter. Ei and Rij represent energetic and positional disorder
[25]. On the basis of the Monte Carlo simulations, the charge carrier mobility
is temperature-and field-dependent, and in the limit of high electric fields is
given by [27]:












5.1 I-V Characteristics of a diode
The largest amount of emission of radiation from the sun occurs in the visible
and infrared regions of the solar spectrum. In order to harvest a significant
portion of the radiation using photovoltaic cells we need to prepare the photo-
active layer from low energy band gap materials (0.5-2.0) eV. The low band
gap conducting polymers are among few materials that can be used for large
scale photovoltaic devices.
Current-Voltage characteristics of the photovoltaic cell diodes taken from a
test solar cell under dark and illumination conditions is given in Figure (5.1).
In Figure (5.1), Under the dark conditions the current from the cell is too
low or none for both reverse and forward voltages. As the external voltage
increases beyond the open circuit voltage, then the current will be injected
from the electrodes and the current increases. However, when the device is
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exposed to white light, the current will be generated causing the curve to
be lifted up even in the absence of external voltage (V = 0). The current
under illumination measured in the absence of external voltage (V = 0) is
called short circuit current (ISC). Similarly, the open circuit voltage (VOC)
is defined as the potential that develops across the terminal of the solar cell
in the absence of current in the circuit (J = 0). Maximum power (Pmax) is
Figure 5.1: Current-Voltage curve in dark and under illumination.
determined by the largest rectangle drawn in the first quadrant of the I-V
curve as depicted in the Figure (5.1). The parameters that characterizes the
solar cell are fill factor (FF), open circuit voltage (VOC) and short circuit
current (ISC). The fill factor is defined as the ratio of the maximum power
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The efficiency of a solar cell is the ratio of electrical power that gets delivered
to the load of the optical power in the cell. Maximum efficiency is achieved
when the power delivered to the load is the maximum power. Incident optical
power is normally specified as the solar power on the surface of the earth









When a solar cell is working, the current decreases and a voltage develops
as charge builds up at the terminals. The resulting current can be viewed
as a superposition of the short circuit current, caused by the absorption of
photons, and a dark current, which is caused by the potential built up over
the load and flows in the opposite direction [28]. When a solar cell is formed
from a pn-junction, it may be treated as a diode. For an ideal diode, the
dark current density equation is given by [29]:
Jdark(V ) = J0(e
qV/kBT − 1) (5.3)
where J0 is a constant called saturation current, q is the electron charge
and V is the voltage between the terminals. The resulting current can be
approximated as a superposition of the short circuit current and the dark
38
current[29]:
J = JSC − J0(eqV/kBT − 1). (5.4)
To find an expression for the open circuit voltage (VOC), one needs to impose
the condition J=0 to equation (5.4) [29]. This means that the two currents
cancel out so that no current flows, which is exactly what is expected in the









where JSC is directly proportional to the incident optical power (Pin). The
open circuit voltage of the solar cell is expected to increase logarithmically
with incident power. The saturation current J0 can be obtained from the
measured dark current.
For device characteristics we follow the steps below:
• The device characteristics are studied using I-V measurements under
dark and illumination conditions.
• One needs to determine(VOC)and (ISC) of the diode,
• and to calculate important parameters such as fill factor (FF, given by
equation 5.1) and efficiency (given by equation 5.2) of the cell.
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5.2 Device Preparation
An ITO-coated glass was used as a substrate for the preparation of the sam-
ples. The first step in device preparation is to remove part of the ITO from
the surface of the glass substrate. This can be done by protecting half of
the ITO-coated glass with photo-resist tape, and followed by etching the
unprotected ITO-coated glass inside warm acid solution. The acid solution
was prepared with the concentration of 48% of HCl, 48% of H2O, and 4% of
HN3O.
The samples were then cleaned firstly by rinsing the sample in the running
tap water. Followed by cleaning using labcon model L1BM80 Ultrasonic
Cleaner with detergent and distilled water. Thereafter, the samples were
ultra-sonicated using acetone, and isopropanol subsequently for 10 minutes
holding time. Then the substrate was left to dry inside the oven at about
50◦C.
The photo-active layer of the devices were prepared from the mixture of
P3HT and PCBM polymers in the chloroform solvent. The P3HT and PCBM
are blended at stoichiometric ratio 1:1 and 1:0.8 by weight. The concentra-
tion of the solution used was 20 mg/ml.
Spin coating is a precise and very simple method to produce a uniform thin
film ranging from 20 to 300 nm thickness. One can easily change the spin
speed and the concentration of the solution so that we can control the uni-
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formity of the layer. The photo-active layer of organic photovoltaic cells
have thickness ranging from 100 to 200 nm. During spin-casting, volatile
chloroform solvent is evaporated and spin time is typically between 30 to 60
seconds (Figure 5.2). Hole conducting polymer PEDOT:PSS was first spin
Figure 5.2: PI-KEM LTD Spin Coater KW-4A.
coated on cleaned ITO coated glass substrate at the rate of 3000 RPM for 50
seconds (using the spin coater in Figure 5.2). The PEDOT:PSS was partially
removed from the glass side of the substrate using water rinsed ”cotton ball”.
The sample was then be dried in an oven at 120◦C for 5 min before coat-
ing the photo-active layer. Finally, the solution composed of P3HT/PCBM
was spun coated at the rate of 1300 RPM. The devices were then taken into
an Edward Auto 306 vacuum evaporation chamber (Figure 5.3) where the
LiF(0.6 nm) and Al(60 nm) were respectively deposited on the active layer
of the device. The depositions were carried out in a vacuum as low as ∼ 10−6
mbar . At last, the devices at this stage were ready for characterization. The
I-V data was taken using a Keithly 2400 source meter interfaced to computer.
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The optical absorption properties of the polymers used were studied using
UV-VIS spectroscopy. Figure 6.1 shows the absorption of P3HT in visible
range of the energy spectrum. This polymer absorbs electromagnetic radi-
ation mainly in the range of wavelengths from 350 nm to 600 nm. From
the onset of the absorption it is possible to determine the band gap of the
polymers. The energy band gaps of the polymers (P3HT, PEDOT:PSS, and
PCBM) were determined from the onset of absorption peak. That is by
measuring the wavelength(λ) corresponding to the start of absorption (Fig-
ure 6.1, 6.2 and 6.3).
The PEDOT:PSS is almost transparent to the radiation for wavelengths from
300 nm to 900 nm depicted in Figure 6.2. Furthermore, the polymer which
plays as an acceptor in our investigation is PCBM. Figure 6.3 shows the op-
43
tical absorption spectrum of PCBM in the wavelength range from 250 nm to
700 nm. As depicted in the diagram the onset of the absorption starts from
nearly 700 nm but weak intensities. However, the intensity of the absorp-
tion increases for higher energy of photons (lower wavelength). Maximum
absorption intensity is observed around 450 nm.
Energy band-gap for P3HT, PEDOT:PSS and PCBM can be calculated using
the following equation




where h = 6.6260688×10−34 J.s is called Planck’s constant, c = 2.99792458×
108 m/s is speed of light.
44
Figure 6.1: Optical absorption spectrum of P3HT.







Figure 6.2: Optical absorption spectrum of PEDOT:PSS.







Figure 6.3: Optical absorption spectrum of PCBM (acceptor polymer).
PCBM: λ = 648 nm and 443 nm from Figure 6.3. To calculate the energy gap
we are going to use 443 nm since that is where most absorption takes place.








6.2 The Electrical Properties of P3HT/PCBM
bulkheterojunction PV cell
Several bulkheterojunction photovoltaic cells were prepared using P3HT/PCBM
the photo-active layer in a sandwich type device structure (see Figure 6.4).
The PV cells have a sandwich type device structure where PEDOT:PSS and
the photo-active layer (P3HT/PCBM) were sequentially spin coated from
the solution, and followed by the deposition of LiF and Al respectively. The
electrical properties of the devices produced in the laboratory were studied
using a Keithly 2400 source meter and standard SS50AAA solar simulator.
The data were collected both under dark and illumination conditions. The
samples were scanned from -1 V to 0.8 V under illumination conditions and
1.0 Sun while we took scanning from -3.0 V to 3.0 V under dark conditions.
Figure 6.4: Bulkheterojunction photovoltaic cells. (a) the Schematic diagram
of BHJ (b) Real BHJ solar cell produced in the lab.
48
Figure 6.5 shows the current voltage characteristics of one of the devices pro-
duced in this experiment. The graph carries both the dark and illumination
current from the device. The current taken under illumination shows the
effect of the photo-generated current at zero bias voltage as expected from
prediction (equation 5.4). The short circuit current and the open circuit
voltage derived from the data are 3.5 mA/cm2 and Voc=0.56, Volt respec-
tively. However, the current under the dark condition shows almost negligi-
ble amounts of currents for all reverse voltage up until 0.4 V forward applied
voltage. This is a typical property of good photovoltaic cell diodes. Figure
6.6 represents current-voltage characteristics of several diodes from the best
performing sample (Sample E3). The diodes are expected to respond in the
same fashion but they all differ in their short circuit current. This could
be due to the relative illumination exposure time of each diode during the
measurements.
6.2.1 Enhanced current density by diluting the poly-
mer solution with fresh chloroform solvent
A new experiment was carried out by changing the conditions of the poly-
mer solution. The polymer solution was initially prepared in the same way
as the previous preparation methods. After sonicating the polymer solution
for nearly 3 hours the solution was diluted with fresh chloroform solvent
before coating on the sample substrate. According to the measured current-
voltage characteristics from this set of devices, we found significant change
in the cell parameters which suggests better performance of the PV cell.
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Figure 6.5: I-V curves of one of the good performing diodes both under dark
and illumination conditions (sample E3).
For instance, the short circuit current (JSC) of the order of 16 mA/cm
2 was
recorded, which is almost four times higher than those from the undiluted
solution. It was noted that for this device preparation conditions, the time
taken from spin coating to placing inside the vacuum evaporation chamber
was relatively shorter which reduced the polymer degradation in an open
environment. Figure 6.7 shows the J-V curves taken from one of the samples
prepared for investigation. From the data we were able to determine VOC ,
JSC , Jmax and Vmax (Figure 6.7, and Table 6.1). Pmax was calculated by
multiplying Jmax and Vmax. For the best sample we calculated the fill factor
to be 46% and power efficiency to be 4.2%. However we had a diode that
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Figure 6.6: I-V characteristics for best performing sample under illumination.
produced a fill factor of 57% and power efficiency of 5.6%, which is the best
diode produced under our laboratory conditions. A low ISC value can result
in smaller fill factor and lower VOC value compared to higher ISC value. The
power conversion efficiency is better compared to other samples, because the
polymers were spin coated at 1300 RPM. Furthermore, the cleaning tech-
niques were improved by using ultrasonic cleaning equipment (details are
provided under device preparation section).
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Figure 6.7: J-V characteristics for diluted polymer solution.
6.2.2 Carbon Nanotube layer between the active layers
and ITO electrode
In an effort to improve the charge transport between the active layers and
PEDOT:PSS we introduced a very thin layer of carbon Nanotube (CNT)
with the view to enhance the performance of the devices. Nanotubes were
spin coated on top of the PEDOT:PSS layer, at 4000 RPM, then warmed at
120◦C in an oven.
The photo-active layer (P3HT/PCBM) was then spin coated on top the
Nanotube layers followed by the deposition of LiF and Al electrodes. From
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Table 6.1: Result for best sample(Sample E3 on page 71). Area=0.1757 cm2
and Power in is equal to 0.01757 W/cm2
Diode VOC(V) JSC(mA/cm
2) FF(%) η(%)
1 0.5627 21.2274 47 5.6
2 0.5571 17.6282 48 4.7
3 0.5571 16.8728 46 4.3
4 0.5650 16.1449 46 4.2
5 0.5641 14.9617 44 3.7
Figure (6.8), the J-V curve measured from this device shows discrepancy in
the values of the open circuit voltage which could be due to the nonuni-
form distribution of the carbon Nanotube. In the preparation of the devices
the Nanotube solution was undiluted while for P3HT/PCBM solution was
diluted with chloroform solvent. In this experiment we found 2.6% power
conversion efficiency from one the diodes in the sample, which is lower than
the one obtained without including Nanotube (Figure 6.8). It is evident that
the Nanotube solution could have washed away some of PEDOT:PSS from
the substrate which affects the performance of the devices.
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Figure 6.8: J-V curve from a sample prepared using Nanotube.
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6.2.3 Charge Transport Properties
The I-V characteristics under dark conditions show typical diode knees which
describes the different charge transport mechanisms of the diodes. Figure 6.9
Figure 6.9: Log J versus, V graph under dark condition.
at region 1 we have a linear regime at negative voltage and low positive volt-
age where the current is limited mainly by shut resistance where J ∝ V
(Ohmic contact). In region 2 there is an exponential behaviour at interme-
diate positive voltages where the current is controlled injection limited or,
J ∝ eqV/kT (Diffusion current). While region 3 is called a Space Charge Lim-
ited Current (SCLC) regime at high voltages where the current is limited by
the shut resistance, J ∝ V 2.
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The space charge limited regime current was fitted using field dependent
space charge current equation (3.8) discussed in chapter 3. From Figure
(6.10) zero mobility, and field activation factor are determined (Table 6.2).
The built in potential was taken from injection limited current to space charge
limited regime current which in this case the amount is Vbi=1.4 volt. The
thickness of the active layer were 180 and 200 nm. The space charge current








where µ is the field dependent mobility in the medium which can be written
by empirical µ = µ0e
γ
√
E [17]. The electric permittivity (ε) for polymer
medium often ranges 3-5. As shown in Figure 6.10 the theoretical predictions
are in a good agreement with the experimental data. From the results of
the fit, important parameters such as the zero field mobility µ0 and field
activation factor γ were determined. Low mobility lead to smaller current,
as expected for all organic cells. Mobility for organic photovoltaic cells can
be as high as 0.1 cm2V−1s−1 [51], and lowest can be within the range of
10−6 to 10−3 cm2V−1s−1 [52]. The fit results (Figure 6.10) are very well in
agreement with the space charge limit current theory reported in literature.
We have an average mobility of 4.6 × 10−2 cm2/V.s (Table 6.2). From the
transport properties it is evident that the mobility in our devices were good
[52], which contributes to the better performance of the devices.
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Diode µ0 (cm
2/V.s) γ ((cm/V)1/2) µ (cm2/V.s)
1 0.00624 2.30× 10−4 6.8×10−3
2 0.0165 5.05× 10−4 2.0×10−2
3 0.0529 9.74× 10−4 6.9×10−2
4 0.0697 8.65× 10−4 8.7×10−2
Table 6.2: Results after fitting dark current data from best sample using
SCLC.
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Figure 6.10: log(J) versus, V fitted with space charge limited current equa-
tion.
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6.2.4 Morphology and Thickness of P3HT/PCBM
Scanning Electron Microscope (SEM) was used to study the morphology of
the P3HT/PCBM photo-active layers in the devices prepared in this work.
The polymers were blended at stoichiometric ratio of 1 : 0.85 and dissolved
in chloroform solvent at the concentration of 20 mg/ml. Figure 6.11 was ob-
tained for one of the best performing samples which shows a certain pattern
involving the polymer chains and the distribution of PCBM in the medium.
The dark zigzag lines presumably are the P3HT polymer chains while the
white spots are the PCBM. The surface morphology clearly showed that there
exists interpenetration network of the polymers in the photo-active medium.
Such distribution of network obviously favours the creation of donor-acceptor
Figure 6.11: 200 nm SEM image of P3HT/PCBM BHJ active layer.
interfaces which would facilitate the dissociation of the excitons that en-
hances the charge transport as well as the current in the device [53]. The
studies show that thicker the layer of P3HT is, the higher the chances of




In this dissertation, organic photovoltaic cells have been studied and char-
acterized. All samples were prepared under an ambient laboratory environ-
mental conditions. The OPV devices were of good quality and showed the
typical organic photovoltaic cell properties. In an open environment of de-
vice preparation conditions, the OPV cell power conversion efficiency ranges
from 1.45% up to 2.5%. However, by diluting the polymer solution with
fresh chloroform solvent we found significant difference in the performance
of the devices where the power conversion efficiency increases to as high as
5%. This is in fact a new development in the preparation of OPVs in simple
laboratory environment.
Michael Arnold, at UW-Madison and a pioneer in developing Carbon Nanotube-
based materials for solar energy applications, has proven that Nanotube solar
cell can convert nearly 75% of the incident light it absorbs into electricity.
It was with the intention of improving the performance of the OPV devices
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that we created carbon Nanotube thin layer between the active layer and the
ITO electrode. However, the results found from the experiment were not as
expected. The parameters of the cell, with CNT layer, were not consistent
and varied from diodes to diodes in the same sample. This could probably
suggest that the Nanotubes may not be uniformly distributed on the sub-
strate. Despite this erratic behaviour of the parameters we measured the
power convection efficiency as high as 2.6% in one of the diode.
The charge transport studies suggest that the space charge limited current
with field dependent mobility equation has described the measured current
very well (Figure 6.10). The zero field mobility and field activation factor
(Table 6.2) found in this experiment were comparable with the data available
in literatures. Average field mobility measured in this experiment 4.6× 10−2
cm2/V.s is within the expected range of the theoretical predictions [52]. One
can conclude by saying that the exciton diffusion, charge separation, charge




More PV cells should be fabricated and tested for their stability which should
be monitored over several days. In the future, a better lamp, one that is
calibrated and has a spectrum that more closely matches the solar spectrum,
would greatly improve the characterization process. Furthermore, glove box
should be used to prepare solutions and the period it takes from preparing
solution to spin coating should be minimised.
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The table below shows average efficiency and fill factor for all samples pre-
pared in the laboratory. The sample parameters recorded here are for the
samples prepared from the 26 November 2012 when I was starting with the
laboratory work and 11 June 2013 when I was ending with the laboratory
work. The devices prepared and tested were enough to do the analyses and
conclude.
Sample Fill Factor % Efficiency % RPM Date
1 31 0.38 1000 26-11-2012
2 40 1.13 1300 19-11-2012
3 34 0.88 1500 30-11-2012
4 49 0.67 1200 12-12-2012
Table 9.1: Average efficiency and fill factor for all sample prepared
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Sample Fill Factor % Efficiency % RPM Date
5 47 0.63 1500 12-12-2012
6 38 1.41 1300 13-12-2012
7 37 0.75 1560 13-12-2012
8 16 0.01 1300 11-01-2013
9 17 0.001 1500 11-01-2013
10 35 0.43 1500 18-02-2013
11 26 0.02 1300 11-01-2013
12 40 0.20 1300 18-02-2013
13 18 0.16 1420 19-02-2013
14 29 0.17 1600 19-02-2013
A1 45 0.46 1000 28-05-2012
A2 36 0.36 1260 28-05-2013
A3 33 0.10 1260 28-05-2013
B1 45 0.40 1300 29-05-2013
B2 13 0.01 1300 29-05-2013
C2 28 1.09 1100 30-05-2013
C3 23 0.54 1300 30-05-2013
C4 16 0.31 1300 30-05-2013
D1 20 0.01 1300 01-05-2013
D2 43 0.001 1300 01-05-2013
E1 29 2.0 1300 11-06-2013
E2 27 1.1 1300 11-06-2013
E3 46 4.2 1300 11-06-2013
E4 47 3.5 1300 11-06-2013
Table 9.2: Average efficiency and fill factor for all sample prepared
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